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FRET/FLIMWilt Virus (TSWV) Gn and Gc glycoproteins were shown to induce the formation
of (pseudo-) circular and pleomorphic membrane structures upon transient expression in plant cells.
Furthermore, when singly expressed, Gc retains in the ER, while Gn is able to further migrate to the Golgi.
Upon co-expression, Gn rescues Gc and co-migrates to the Golgi complex. Here, we have studied the behavior
of the glycoproteins in the presence of the viral nucleocapsid (N) protein and in vivo analyzed the occurrence
of protein–protein interactions by ﬂuorescence life time imaging microscopy (FLIM). The analysis
demonstrated that N co-localizes and interacts with both glycoproteins, with a preference for Gn.
Additionally, it is shown that N causes a dramatic change in the distribution of Gc within the ER, from
reticular to punctate spots. The observations are discussed in the context of the virus particle formation
during the infection process.
© 2008 Elsevier Inc. All rights reserved.Introduction
Tomato spotted wilt virus (TSWV) is the type species of the genus
Tospovirus, the only genus containing plant-infecting viruses among
the Bunyaviridae (Elliott, 1990, 1996; Goldbach and Peters, 1996). Like
all members of this family, TSWV particles are spherical and
enveloped, harboring a tri-partite RNA genome of negative or
ambisense polarity. The infectious ribonucleoproteins (RNPs) are
formed upon tight association of genomic RNA with the nucleocapsid
protein (N) and small amounts of the viral RNA-dependent RNA
polymerase (L) (Goldbach and Peters, 1996). The virally encoded
glycoproteins Gn and Gc (n and c refer to the amino and carboxy-
terminal topology within the precursor protein) are embedded within
the lipid envelope, and are required for virus uptake and replication in
its thrips vector (Wijkamp et al., 1993).
During particle assembly in plant cells, RNPs concentrate at
glycoprotein-containing Golgi membranes prior to enwrapment
with a (part of a) Golgi stack (Kikkert et al., 1997, 1999, 2001; Kitajima
et al., 1992; Pettersson and Melin, 1996), leading to the formation of
doubly enveloped virus particles (DEV). These fuse together with ER-
derived membranes, giving rise to an accumulation of mature singly
enveloped virus (SEV) particles in large membrane-bound vesicles
(Kikkert et al., 1999).link).
l rights reserved.Recently studies have been performed on the individual, transient
expression of the two envelope glycoproteins Gn and Gc in plant cells
(Ribeiro et al., 2008). These studies revealed that Gn accumulates
within both the ER- and Golgi-membranes whereas Gc is retained in
the ER. Upon co-expression though, either from their common
precursor gene or from co-transfected separate constructs, both
glycoproteins localize at the Golgi complex. Furthermore, both Gn
and Gc induce the formation of (pseudo-)circular and pleomorphic
membrane structures which have been postulated to reﬂect stages of
Golgi membrane enwrapment of RNPs as observed during a natural
infection of plant cells (Kikkert et al., 1999; Kitajima et al., 1992;
Ribeiro et al., 2008).
Previous studies performed in mammalian cells have shown that
singly expressed Gc localized in the ER but upon co-expressionwith N,
due to interaction, concentrated at a distinct non-Golgi perinuclear
region. Furthermore, no interaction was observed between Gn and N,
which altogether suggested that membrane envelopment of RNPs
would be triggered by an interaction between Gc and N (Snippe et al.,
2005, 2007b).
In this study, the behavior of the viral glycoproteins in the presence
of N has been analyzed in the virus natural host, the plant cell.
Furthermore, the possible interactions between these proteins have
been investigated using a combination of Förster Resonance Energy
Transfer (FRET) and Fluorescence Lifetime Imaging Microscopy (FLIM)
(Borst et al., 2003; Gadella, 1999; Gadella et al., 1999). The results
obtained are discussed in relation to the genuine virus particle
assembly process.
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The TSWV nucleocapsid protein forms cytoplasmic aggregates
Prior to analyzing the possible inﬂuence of the TSWV N protein on
the localization and behavior of the viral glycoproteins, the N protein
was studied upon single expression in protoplasts. For easy monitor-
ing, N was fused at its C-terminus with a YFP ﬂuorophore (Fig. 1 II) and
cloned downstream of a 35S promoter. N. tabacum protoplasts
electroporated with this construct were sampled at different times
(12–48 h) post-transfection (p.t.) and analyzed by confocal ﬂuores-
cence microscopy.
N-YFP was observed in large agglomerations spread throughout
the cell (Fig. 2a), differing in size and number. No clear differences in
spatial distribution were observed between early and later times p.t.
(results not shown).
To exclude that the C-terminal fusion of YFP would affect the
behavior of the N protein, protoplasts were also transfected with a non-
fused N construct and analyzed by immunolocalization (Fig. 2b). No
difference in the localizationpattern betweenNandN-YFPwasdetected.
To more precisely deﬁne the cellular localization of the aggregates,
N-YFP was co-expressed with the ER-marker GFP-HDEL (Figs. 3a–c)
and no signiﬁcant co-localization was observed. Similarly, using
protoplasts prepared from plants stably transformed with Golgi
marker ST-GFP, no co-localizationwas found (Figs. 3d–f). These results
conﬁrmed the expected cytoplasmic localization of N.
FRET/FLIM analyses indicate strong homotypic interactions between
N proteins
To analyze if the N aggregates were the result of N oligomerization,
FRET and FLIMmicroscopy was applied. To this end, another constructFig. 1. (I) Schematic representation of the topology of the TSWV glycoprotein precursor. (II) Co
precursor). Predicted cleavage sites (scissor symbols), hydrophobic areas (black boxes) an
transmembrane domain). In all constructs, the YFP or CFP ﬂuorophore was fused in frame awas made in which the CFP was fused to the C-terminus of N (N-CFP,
Fig. 1) and was co-transfected with N-YFP into N. tabacum protoplasts.
Confocal analysis (Fig. 4 I) showed a weaker N-CFP ﬂuorescence in the
presence of N-YFP (Fig. 4 I a), compared to the one observed upon
single expression of N-CFP (data not shown). Furthermore, a high YFP
ﬂuorescence was detected upon excitation of CFP (Fig. 4 I c),
suggesting the occurrence of FRET. However, this image may partially
have been a result of CFP crosstalk and also some YFP direct excitation,
which did not allow us to accurately conﬁrm the occurrence of an
energy transfer. Hence, to further substantiate these results, FRET was
measured by FLIM (Fig. 4 II). In protoplasts singly transfected with N-
CFP, an average half-lifetime of 2380 picoseconds (ps) was measured,
whereas in the additional presence of N-YFP, a decrease in the
ﬂuorescence lifetime of CFPwas observed ranging from35 to 50% (49%
in Fig. 4 II), with an average of about 44%, conﬁrming homodimeriza-
tion of N, and N oligomerization in the large aggregates.
The N protein co–localizes with both viral glycoproteins
Previous studies (Ribeiro et al., 2008) demonstrated that both
TSWV glycoproteins, when co-expressed from their common GP
precursor (Fig. 1 panel I), are able to exit the ER and co-localize at the
Golgi complex. To analyze whether the N protein would affect this
translocation, GP-YFP (Fig. 1) (Ribeiro et al., 2008) was co-transfected
with N-CFP into N. tabacum protoplasts. Due to processing of the
precursor GP-YFP construct into mature Gc-YFP and Gn, the co-
transfection allowed monitoring of Gc and N in the presence of Gn.
The results showed a complete co-localization of Gc and N (Figs. 5a–c)
in structures which were smaller and with a more globular
appearance than the regular cytoplasmic accumulations of N, and
similar to those observed upon single GP-YFP expression (Ribeiro et
al., 2008).nstructs used for expression analysis (the glycoprotein constructs are aligned below the
d aminoacid positions are indicated (SS stands for signal sequence; TMD stands for
t the position of the stop codon.
Fig. 2. Localization and behavior of N in plant cells. (a) protoplast expressing N-YFP (in
green) 24 h p.t., the red ﬂuorescing structures correspond to chloroplasts; (b) protoplast
expressing N 24 h p.t. and immunolocalized with antibodies raised against N (FITC). Size
bars represent 5 μm.
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fected with GP and N-YFP revealed similar results (Figs. 5d–f), and
conﬁrmed the co-localization of Gn with Gc and N at these loci.
Gc and N interact in the presence of Gn
To verify whether the co-localization of Gc and N in the presence of
Gnwas due to a direct interaction between these proteins, protoplasts
were transfected with GP-YFP (producing free Gc-YFP and Gn) and N-
CFP and analyzed by FRET/FLIM (Fig. 6).
Confocal analysis (Fig. 6 I) showed a weaker N-CFP ﬂuorescence in
the presence of GP-YFP (Fig. 6 I a), compared to the one observed upon
single expression of N-CFP (data not shown). Furthermore, a high YFP
ﬂuorescencewas detected upon excitation of CFP (Fig. 6 I c), suggesting
the occurrence of FRET, thus interaction between Gc and N. However,
as previously explained, this result does not allow us to accurately
conﬁrm the occurrence of an energy transfer. To further substantiate
these observations and quantify this energy transfer, FLIM wasFig. 3. Localization of N in comparisonwith ER- and Golgi- markers. Panels a–c: protoplast tran
and b. Panels d–f: protoplast isolated from plants stably expressing ST-GFP, transfected with Nperformed. The example shown in Fig. 6 II revealed a decrease in the
lifetime of CFP from 2380 ps to 1264 ps, corresponding to a 46.8%
decrease. Repeated experiments revealed a 30–50% decrease of CFP
lifetime with an average of about 38%, conﬁrming the existence of an
interaction between N and Gc, in the presence of Gn.
N co-localizes and interacts with Gn, except within the pleomorphic
membrane structures
Since N co-localized with both glycoproteins, exhibiting an
interaction with Gc, the question arose whether and how N would
affect the behavior of the glycoproteins when these would be singly
expressed. To this end, N. tabacum protoplasts were co-transfected
with ﬂuorophore fusion constructs of Gn and N (Gn-YFP and N-CFP or
Gn-CFP and N-YFP; Fig. 1) (Ribeiro et al., 2008) and analyzed by
confocal microscopy. The results did not differ between these two
combinations and are shown in Fig. 7. Previous studies have shown
that upon single expression of Gn, this protein localized at the ER (at
early times p.t.) or at the Golgi (at later times p.t.) either in small dense
globular structures or in pleomorphic/circular (Gn-induced) mem-
brane structures. Here it is shown that, in the presence of the N
protein, this distribution pattern does not alter, and N co-localized
with Gn either at the ER (Figs. 7a–c), or in the small Golgi-derived
globular structures (Figs. 7d–f). However, no co-localization was
observed between N and Gn-induced pleomorphic membrane
structures (Figs. 7g–i), although N was mostly found in the proximity
of these structures.
To analyze whether the observed co-localization between Gn and
N was due to a direct interaction between these proteins, FRET and
FLIM analyses were performed. FRET experiments suggested an
interaction between Gn and N when co-localizing within the dense
Golgi-derived globular structures (Fig. 8I). Subsequent FLIM analysis
showed an approximate 12% decrease in the lifetime of CFP when Gn
and N were co-expressed, suggesting an interaction. As expected, no
positive FRET/FLIM results were obtained between these proteins,
when Gn localized within the Golgi-derived pleomorphic membrane
structures (results not shown).sfectedwith N-YFP and GFP-HDEL 24 h p.t.: (a) N-YFP, (b) GFP-HDEL, (c) merged image of a
-YFP 24 h p.t.: (d) N-YFP, (e) ST-GFP, (f) merged image of d and e. Size bars represent 5 μm.
Fig. 4. FRET and FLIM analysis of N homotypic interactions. (I) protoplast transfected with N-CFP and N-YFP 24 h p.t.: (a) N-CFP, (b) N-YFP, (c) YFP ﬂuorescence upon CFP excitation
(indication of FRET); (d) merged image of a, b and c. (II) FLIM analysis of a protoplast transfected with N-CFP and N-YFP 24 h p.t.: (a) N-CFP ﬂuorescence image, (b) color-coded image
of CFP lifetime. The colored legend indicates the CFP lifetime in ps. The CFP lifetime measured upon single N-CFP expression equals 2380 ps (results not shown). Size bar represents
5 μm.
124 D. Ribeiro et al. / Virology 383 (2009) 121–130N interacts with singly expressed Gc and drastically alters its spatial
distribution within the ER
In analogy to Gn, the behavior of singly expressed Gc in the
presence of N was analyzed. To this end, N. tabacum protoplastsFig. 5. Localization and behavior of N co-expressed with GP in plant cells. Panels a–c: pro
(c) merged image of a and b. Panels d–f: protoplast transfected with N-YFP and GP and imm
image of d and e. Size bars represent 5 μm.were co-transfected with Gc-YFP (Fig. 1) (Ribeiro et al., 2008) and N-
CFP. Unfortunately, in several independent experiments, both
proteins were never observed in the same cell, most likely due to
a quenching phenomenon resulting from the interaction between
these two proteins. In these experiments, the ﬂuorophore fused totoplast transfected with N-CFP and GP-YFP 24 h p.t.: (a) GP-YFP (Gc-YFP), (b) N-CFP,
unolocalized with antibodies against Gn 24 h p.t.: (d) Gn (TRITC), (e) N-YFP, (f) merged
Fig. 6. FRET and FLIM analysis of N–Gc interactions in the presence of Gn. (I) Protoplast transfected with N-CFP and GP-YFP 24 h p.t.: (a) N-CFP, (b) GP-YFP (Gc-YFP), (c) YFP
ﬂuorescence upon CFP excitation (indication of FRET); (d) merged image of a, b and c. (II) FLIM analysis of a protoplast transfected with N-CFP and GP-YFP 24 h p.t.: (a) N-CFP
ﬂuorescence image, (b) color-coded image of CFP lifetime. The colored legend indicates the CFP lifetime in ps. The CFP lifetime measured upon single N-CFP expression equals
2380 ps (results not shown). Size bar represents 5 μm.
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reciprocal ﬂuorophore fusion constructs were tested, results not
shown). Since no quenching was observed (and a clear interaction
was measured) between Gc and N when co-expressed in the
presence of Gn, the quenching was maybe due to a different folding
of Gc in the absence of Gn. These observations pointed towards the
occurrence of an interaction between Gc and N, even in the absence
of Gn.
In order to avoid quenching and enable visualization of Gc's
cellular distribution in the presence of N, Gc-YFP was co-expressed
with a non-fused N protein. Surprisingly, a dramatic change in the
localization of Gc was observed (Fig. 9). Whereas individually
expressed Gc was found spread all over the ER (Fig. 9a) and in ER-
derived Gc-induced pleomorphic membrane structures (Ribeiro et al.,
2008), in the presence of N the glycoprotein was observed entirely
concentrated in speciﬁc clusters in all expressing cells (Fig. 9b),
independently of the time p.t. Immunolocalization analysis showed
that N co-localized with Gc in all those clusters (Figs. 10a–c).
Furthermore, upon co-expression with N, the expression level of Gc
(based on the percentage of cells in which the glycoprotein could be
detected) increased about 10 fold, apparently due to a stabilizing
interaction between these proteins.
To analyze whether Gc and N co-localized at Golgi-derived
globular structures similar to those observed upon co-expression of
Gn and N, protoplasts of plants stably transformedwith a ST-GFP Golgi
marker were transfected with Gc-YFP and N. No co-localization
between Gc-YFP and the Golgi-marker was observed (Figs. 10d–f)
suggesting that Gc-YFP was still located within the ER. To verify this
hypothesis, protoplasts were co-transfected with Gc-YFP, N and an ER
marker GFP-HDEL (Figs. 10g–i) and some co-localization could be
observed. This dramatic change of Gc's localization within the ER in
the presence of N, together with their co-localization, strongly
indicated an interaction between these two proteins.N seems to preferentially interact with Gn
Since the N protein appeared to interact separately with both Gn
and Gc, a competition experiment was designed to identify the
difference in afﬁnity between the glycoproteins for the interaction
with N. Earlier studies aimed to map the Golgi retention signal in the
cytoplasmic tail of Gn (Snippe et al., 2007a) and rendered a mutant,
denoted Gn-408 (Fig. 1), that was still able to target to the Golgi but
lacked the capacity to interact with Gc and thereby redirect this
protein to the Golgi. Co-expression of N-ﬂuorophore, Gc-CFP (Fig. 1)
and Gn-408 would then result in the presence of Gc in the ER and Gn-
408 in the Golgi. In this situation, the preference for interaction with
any of these glycoproteins could be judged by the localization of N.
However, this experiment could not be performed due to the
quenching observed when Gc-CFP was co-expressed with a ﬂuor-
ophore-fused N. Hence, the co-transfection experiment was per-
formed with a non-fused N gene construct and the interaction
between Gc-CFP and (non-fused-) N was monitored by the occurrence
of the previously described strong and dramatic change in the
distribution of Gc from reticular to punctate spots. The expression
levels (based on the percentage of cells in which the glycoproteins
could be detected) of both Gc-CFP and Gn-408 (YFP) were very low
upon single expression (results not shown). However, their expression
level was dramatically raised in the additional presence of N, likely
due to stabilization upon interaction (data not shown). Since no
ﬂuorophore could be fused to N during the triple expression
experiments, the visualization of the results would imply an
immunolocalization procedure. However, the strong increase in the
expression level of the glycoproteins upon co-expressionwith N could
be considered, by itself, as an indication of interaction and stabiliza-
tion. Indeed and to our surprise, upon co-transfection of protoplasts
with all three constructs, Gc-CFP, Gn-408 (YFP) and N, 95% of the
observed expressing cells hardly showed any Gc-CFP ﬂuorescence but
Fig. 7. Localization and behavior of N co-expressed with Gn in plant cells. Panels a–c: protoplast transfected with Gn-YFP and N-CFP 24 h p.t.: (a) Gn-YFP, (b) N-CFP, (c) merged image
of a and b. Panels d–f: protoplast transfected with Gn-CFP and N-YFP at 48 h p.t.: (d) Gn-CFP, (e) N-YFP, (f) merged image of d and e. Panels g–i: protoplast transfectedwith Gn-YFP and
N-CFP at 48 h p.t.: (g) Gn-YFP, (h) N-CFP, (i) merged image of g and h. Size bars represent 5 μm.
126 D. Ribeiro et al. / Virology 383 (2009) 121–130only a clear and strong Gn-408 YFP signal (Fig. 11) (the expression
levels resulting from this combination reach 75%), as result of the
stabilization of the Gn mutant by the N protein. These observations
strongly suggest that the N–Gn interaction is favored to the N–Gc.
Discussion
In this study, the inﬂuence of the TSWV N protein on the
localization and behavior of the viral envelope glycoproteins in plant
cells was analyzed. Previous studies (Ribeiro et al., 2008) have shown
that Gc, expressed in the absence of any other viral protein, is retained
in the ER and is only able to migrate to the Golgi complex upon co-
expression with Gn. On the other hand, Gn is, on its own, able to
migrate from the ER to the Golgi. Furthermore, both glycoproteins
were shown to induce the formation of ER- or Golgi-derived circular/
pleomorphic membrane structures.
Here it is shown that co-expression of Gc and Gn in the presence of
N, thereby better reconstructing a situation similar to the natural viral
assembly, did not alter their localization patterns and a complete co-
localization between these three proteins at the Golgi complex, the
natural assembly locus for virus particle formation, was observed.
Furthermore, by FRET/FLIM analysis, a direct interaction and a very
close proximity between Gc and N in the presence of Gn (with donor
lifetime decrease up to 38%) was conﬁrmed. N was also shown not to
inﬂuence the localization proﬁle of Gn, upon co-expression of thesetwo proteins. When singly expressed, Gn localizes in the ER and later
in the Golgi, in small dense globular structures or in pleomorphic Gn-
induced Golgi-derived membrane structures (Ribeiro et al., 2008).
Here, it is demonstrated that N and Gn co-localize whenever Gn is
present in the ER or in dense globular structures in the Golgi. However,
N does not co-localize with Gn when this glycoprotein is found at the
Golgi-derived pleomorphic membrane structures, although being
always present in very close proximity. Coherently, FRET/FLIM
analyses indicate an interaction between Gn and N, except when Gn
is present in the pleomorphic membrane structures. The measured
interactions ranged around 12% of the donor's lifetime decrease which
is signiﬁcantly lower than what was measured for N–N and Gc–N (in
the presence of Gn), indicating a larger distance between the
ﬂuorophores associated with Gn and N. These results were quite
surprising as previous studies performed in mammalian cells (Snippe
et al., 2007b) did not reveal this interaction.
One of the most surprising observations obtained in the present
study resulted from the co-expression of N and Gc. Whereas upon
single expression, Gc localizes all over the ER (Ribeiro et al., 2008), co-
expression with N caused a major relocalization of Gc to speciﬁc
regions within this organelle where both proteins co-localized. In the
context of viral assembly, in which the three structural proteins (Gc,
Gn and N) eventually have to concentrate in the Golgi complex, it is
tempting to hypothesize that these speciﬁc ER regions correspond to
ER export sites, discrete ER domains where the COPII coated
Fig. 8. FRET and FLIM analysis of N–Gn interaction. (I) Protoplast transfected with Gn-CFP and N-YFP 24 h p.t.: (a) Gn-CFP, (b) N-YFP, (c) YFP ﬂuorescence upon CFP excitation
(indication of FRET); (d) merged image of a, b and c. (II) FLIM analysis of a protoplast transfected with N-CFP and Gn-YFP 24 h p.t.: (a) N-CFP ﬂuorescence image, (b) color-coded image
of CFP lifetime. The colored legend indicates the CFP lifetime in ps. The CFP lifetime measured upon single N-CFP expression equals 2380 ps (results not shown). Size bar represents
5 μm.
Fig. 9. Distribution pattern of Gc's localization in the absence and presence of N. (a)
Protoplast transfected with Gc-YFP 24 h p.t., (b) protoplast transfected with Gc-YFP (in
green) and N 24 h p.t., the red ﬂuorescing structures correspond to chloroplasts. Size
bars represent 5 μm.
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are concentrated (Hanton et al., 2006). In this case, N could be
responsible for concentrating the glycoproteins at these areas, aiding
on their route to the Golgi complex.
Unfortunately, no FRET/FLIM analyses could be performed to study
the interaction between Gc and N, due to a quenching of the
ﬂuorophore fused to the glycoprotein, suggesting a change in the
folding of Gc upon interactionwith N. In the presence of Gn (as a third
protein) this quenching was somehow overcome, likely due to a
conformational change in Gc.
Although we could not apply FRET/FLIM to prove the Gc–N
interaction in the absence of Gn, the dramatic change in the
distribution (and expression level) of Gc within the ER in the presence
of N, their co-localization, the clear interaction detected between
these proteins in the additional presence of Gn and the previous
results on mammalian cells that positively identiﬁed this interaction
(Snippe et al., 2007b), strongly indicate an interaction between these
two proteins.
Single expression of the N protein resulted in the formation of
agglomerations randomly distributed throughout the cytoplasm.
These agglomerations were due to oligomerization of N monomers,
involving a clear interaction as demonstrated by FLIM, where up to
50% decrease in donor lifetime was observed. This oligomerization
capacity of the nucleocapsid protein has also been demonstrated
for several animal-infecting bunyaviruses (Alfadhli et al., 2001;
Kaukinen et al., 2001; Leonard et al., 2005). For TSWV, it was also
shown to occur in vitro (Uhrig et al., 1999) and in vivo (Snippe et
al., 2005) in mammalian cells where N accumulated in a peri-
nuclear area. However, in mammalian cells (where also FRET/FLIM
was used) a much lower decrease in the lifetime of the donor
ﬂuorophore was reported (∼20%). How N is able to translocate
from its random cytoplasmic distribution to eventually co-localize
with Gn and/or Gc at ER and Golgi, is still unclear and remains to
be investigated.Also very surprising were the results from a competition experi-
ment in which N was offered the possibility to interact with either Gc
and/or Gn-408, a mutant containing a C-terminal truncation that
rendered this Gn-derivative incompetent to interact with and thereby
rescue Gc from the ER to the Golgi (Snippe et al., 2007a). The idea of
this experiment was that, once all three constructs were co-
transfected, N would either show up co-localizing with Gc (changing
its localization from a reticular pattern into punctate spots) or with Gn
and thereby exhibit its preference for one of the two glycoproteins.
Due to the quenching problem denoted earlier, a non ﬂuorophore-
fused N construct was co-expressed with Gc-CFP and Gn-408 (YFP).
Since the latter two proteins normally expressed in very low levels
(often almost undetectable) but in the presence of N appeared to
highly stabilize, the presence of a CFP or YFP signal would betray the
preference of N for Gc or Gn-408, respectively. Unexpectedly, co-
Fig. 10. Localization and behavior of Gc co-expressed with N in plant cells. Panels a–c: protoplast transfected with Gc-YFP and N and immunolocalized with antibodies against N 24 h
p.t.: (a) Gc-YFP, (b) N (TRITC), (c) merged image of a and b. Panels d–f: protoplast isolated from plants stably expressing ST-GFP, transfected with Gc-YFP and N 24 h p.t.: (d) Gc-YFP, (e)
ST-GFP, (f) merged image of d and e. Panels g–i: protoplast transfected with Gc-YFP, N and GFP-HDEL 24 h p.t.: (g) Gc-YFP, (h) GFP-HDEL, (i) merged image of g and h. Size bars
represent 5 μm.
Fig. 11. N. tabacum protoplast transfected with Gn-408 mutant (YFP), Gc-CFP and N,
24 h p.t.. Only Gn-408 (in green) shows up during the co-expression with N. The red
ﬂuorescing structures correspond to chloroplasts. Size bar represents 5 μm.
128 D. Ribeiro et al. / Virology 383 (2009) 121–130transfection of all three constructs showed an increase in the
expression of Gn-408 from 2–5% to more than 80%, while almost no
Gc-CFP could be observed. Although it was not possible to prove the
additional presence of Gc-CFP in these cells, due to its extremely low
detection level when not stabilized by interaction with N or Gn,
repeated control experiments in which Gc-CFP was co-transfected
with N, always revealed the presence of this glycoprotein inmore than
90% of the cells where an interaction with N was observed. These
results altogether support the idea that N exhibits a stronger
preference for Gn-408. The preference for Gn-408 furthermore
demonstrated that the C-terminal 20 aa of Gn are not required for
this interaction. Whether the truncation of Gn-408 stabilized the
interaction with N in comparison to wild type Gn remains to be
investigated.
In plant cells, TSWV assembly involves enwrapment of a
glycoproteins-containing Golgi stack around the RNPs, forming
doubly enveloped virus particles that become singly enveloped by
fusion with other membranes and accumulate in large vesicles within
the cytoplasm. This phenomenon does not occur in insect cells where,
similar to the animal bunyaviruses in their mammalian hosts, the
virus particles are secreted from the cells to infect their neighbouring
cells and to allow transmission by the vector. The different fates of
mature TSWV particles in plant- and insect cells (retention versus
secretion), together with the differences in cellular architecture andorganization of the endomembrane system of plant and animal cells,
may be the cause of the encountered differences in localization and
interactions between the TSWV structural proteins in plant and
animal cells and reﬂect an adaptation of the virus to replicate and form
virus particles in both cell types.
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Plasmid construction and organelle markers
The previously constructed pSFV plasmids containing Gn-CFP
(Snippe et al., 2007b) and N, N-YFP and N-CFP (Snippe et al., 2005)
were subjected to BamHI digestion, resulting in the cloning cassettes
containing the respective fused and non-fused glycoproteins. The
BamHI site of the multiple cloning site was used to insert these
cassettes into the (previously digested and dephosphorylated)
pMON999 vector (containing a 35S-driven promotor).
The pMONGP, pMONGP-YFP, pMONGc-YFP, pMONGn-YFP and
p2GW7.0Gc-CFP plasmids used have been previously described by
Ribeiro et al. (2008).
A plant expression vector containing the Gn-408 (p2GW7.0Gn-
408) was obtained using the GATEWAY™ system (Invitrogen),
following the manufacturer's instructions. The primers GnFwdGW
(GGGGACAAGTTTGTACAAAAAAGCAGGCTGGATGAGAATTCTAAAAC-
TACTAGAACTAGTGG) and 408RvsGW (GACACTCTGAAGAATGGGG-
GACCACTTTGTA CAAGAAAGCTGGGTGTCATCAGG) were used to PCR
amplify Gn-408 from the pSFVGc-CFP construct (Snippe et al., 2007a).
The PCR fragmentwas introduced into pDonr207 by BP recombination
and subsequently into the p2GW7.0 (Karimi et al., 2002) destination
vector by LR recombination.
The ﬂuorescent proteins used in this study for fusion to the viral
glycoproteins were the pH-insensitive forms of EYFP, ECFP andmGFP5
(Haseloff et al., 1997). The spectral properties of mGFP5 allow efﬁcient
spectral separation from YFP (Brandizzi et al., 2002).
In these experiments we made use of the GFP-HDEL ER-marker
(Carette et al., 2000) and the ST-GFP Golgi-marker (Boevink et al., 1998).
Plant material and transient expression
Tobacco plants (Nicotiana tabacum cv Petit Havana) (Maliga et al.,
1973) were grown in Murashige and Skoog medium (Murashige and
Skoog, 1962) and 2% sucrose in controlled sterile conditions at 25 °C
with a 16 h period of light per day. The same conditions were used to
grow Nicotiana tabacum plants stably expressing the Golgi-marker ST-
GFP (kindly provided by Prof. Chris Hawes).
Preparation and transfection of tobacco leaf protoplasts were
performed as described by Ribeiro et al. (2008).
Sampling and imaging
Twenty four to 48 h post-transfection, the living protoplasts were
isolated by centrifugation and confocal section images were obtained
using an inverted Zeiss 510 Laser ScanningMicroscope and a 40×oil or
63×oil and water immersion objective.
The imaging of the single expression of YFP-fused viral proteins
was performed using excitation lines of an argon ion laser of 488 nm
with a 505/530 nm bandpass ﬁlter in the single-track facility of the
microscope. For the imaging of the co-expressing YFP-fused and GFP-
fused proteins (as well as for the imaging of the co-expressing CFP-
and YFP-fused proteins), excitation lines of an argon ion laser of
458 nm for GFP (and CFP) and 514 nm for YFP were alternately used
with line switching using the multi-track facility of the microscope.
Fluorescence was detected using a 458/514 nm dichroic beam splitter
and a 470/500 nm bandpass ﬁlter for GFP (and CFP) and a 535/590 nm
bandpass ﬁlter for YFP. Appropriate controls were performed to
exclude possible energy transfer between ﬂuorochromes as well as
crosstalk. For the simultaneous imaging of YFP and tetramethyl
rhodamine iso-thiocyanate (TRITC), excitation lines of an argon ion
laser of 488 nm for YFP and 543 nm for TRITC were alternately used
with line switching using the multi-track facility of the microscope.
Fluorescence was detected using a 488/543 nm dichroic beam splitter
and the ﬁlters BP 505/530 nm and LP 560 nm for YFP and TRITC,respectively. For the imaging of ﬂuorescein iso-thiocyanate (FITC),
excitation lines of an argon ion laser of 488 nmwere used with a 505/
530 nm bandpass ﬁlter in the single-track facility of the microscope.
Indirect ﬂuorescence analysis
Living protoplasts were selected as previously described and
carefully placed on a microscope slide previously coated with 0.05%
poly-L lysine. Approximately 5 min later, the slides were submerged in
96% ethanol for a 20 min ﬁxation. After a 20 minwash in PBS (0.137 M
NaCl, 1.5 mM KH2PO4, 8.1 mM Na2HPO4, 2.7 mM KCl, 3.1 mM NaN3),
the protoplasts were blocked with 5% BSA in PBS for 45 min. The cells
were subsequently incubated for 1 h in a 1:1000 dilution of the
polyclonal antibodies against N and Gn (raised in rabbit) (Kikkert et al.,
1997) in 1% BSA in PBS. Threewashing steps of 20min in PBS preceded
1 h incubation in the dark, in a 1:100 dilution of the secondary
antibody (swine anti-rabbit conjugated with TRITC or FITC) in 1% BSA
in PBS. The cells were then washed with PBS in three steps of 20 min,
always in the dark. Two drops of citiﬂuor were added to the slides,
which were examined under an inverted Zeiss 510 Laser Scanning
Microscope.
FRET/FLIM analyses
FRET analysis was performed by indirect YFP excitation. Confocal
images were obtained using the microscope setups previously
described and the interactions were quantitatively measured by FLIM.
A combination of a BIO-RAD Radiance 2100 MP system with a
Nikon TE 300 inverted microscope was used to measure FLIM. The
excitation source, a Ti:Sapphire laser (Coherent Mira) was pumped by
a 5 W Coherent Verdi laser, resulting in the production of pulse trains
of 76 MHz (150 fs pulse duration, 860 nm centre wavelength). The
excitation light was directly coupled into the microscope and focused
into the sample using a CFI Plan Apochromat 60×water immersion
objective lens (N.A. 1.2). Detection of ﬂuorescent light was done using
the non-descanned single photon counting detection. The FLIM
experiments were performed with the use of the Hamamatsu
R3809U MCP PMT, which has a typical time resolution of around
50 ps. CFP ﬂuorescence was selected using a 480DF30 nm bandpass
ﬁlter. Images with a frame size of 64⁎64 pixels were acquired using
the Becker and Hickl SPC 830 module (Borst et al., 2003), with a
duration of about 200 seconds. Complete ﬂuorescence lifetime decays
were calculated per pixel and ﬁtted using a double exponential decay
model. The lifetime of one component was ﬁxed to the value found for
N-CFP (2380 ps). The mean CFP lifetime was measured for every cell,
allowing the calculation of the average lifetime decrease.
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